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Study of the Reaction 2H(&,e'B)n in the A Region
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Abstract

—  f =

We propose to make precise measurements of the ?H(€, ¢'p)n reaction at the A-
kinematics region. We emphasize the measurements of the differential cross-section,
helicity-independent polarization p?, and helicity-dependent polarization compo-
nents p; and p| at high initial momenta (P, ~ 290 — 450 MeV/c) and high energy
transfer over a large range of proton/virtual-photon angles. Six individual struc-
ture functions: helicity-dependent f/4, f/4, £1f and f£;!, and helicity-independent
fir and fyr will be separated. In addition, we will determine the combinations

f,f+-§3 $+ppﬂf{ir and fi.+25 87+ ﬂ;—T-fTT. A careful study of the deuteron is funda-
L L L
mentally important to nuclear physics. Measurements of the recoil proton polariza-

tions and consequently the separated structure functions will give us more complete
information about the different aspects of the np system and sub-nucleonic degrees
of freedom including meson-exchange currents and isobar configurations, and thus
provide a stringent test for theoretical calculations.

Exp. No. Description Beam Hours Energy(GeV) Current(uAd) Duty Factor

TH(E, ¢'F)n 528 1.645 50 CW
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1 Introduction

This proposed experiment is designed to employ spin observables for an enhanced in-
vestigation of the dynamical features of the deuteron. Measurements of spin-dependent
electron scattering have the potential to greatly enhance our understanding of nucleon and
nuclear structure. For example, spin observables in elastic, quasi-elastic, and deep-inelastic
scattering from polarized deuterium are predicted to provide important information on
the effects of D-wave components in the deuteron ground state wave function [1, 2], the
largely unknown charge form factor of the neutron {3], and the neutron spin structure
functions [4]. This has prompted development of polarized 2H targets for use with inter-
nal [5] or external beams [6] and polarimeters for measuring the polarization of recoiling
hadrons (7, 8, 9].

One of the principal goals of nuclear physics is the understanding of nuclear struc-
ture and of the underlying nucleon-nucleon (NN) interaction. The deuteron, being the
simplest multi-body nucleus, certainly represents one of the most attractive candidates
for the investigation of the NN interaction. The experimental study of the large momen-
tum behavior of the deuteron wave function is of particular importance for a determi-
nation of the short-range properties of the nuclear forces. The continuing interest in the
electro-disintegration of deuteron reflects the fact that it provides a very powerful tool to
investigate the structure of the two-nucleon system and its electromagnetic properties.

The ?H nucleus has the attractive feature that it can be used as a neutron target. In
good approximation it can be considered as a proton-neutron pair. This is exemplified
by the deuteron magnetic moment, ug = 0.857 uy (uy = nuclear magneton), which is
approximately equal to the sum of the proton and neutron magnetic moments, Hp + g =
(2.793 — 1.913) pnx = 0.880 pn. Thus, it should be possible to determine the charge and
magnetic properties of the neutron from measurements of quasi-elastic electron scattering
from ?H. Indeed, it has been suggested [3] that the 2H(€, e'n)p [PH(E, ¢'F )p] experiment
with longitudinally polarized electrons and a vector polarized deuteron target {a recoil
neutron polarimeter) can provide data on G%. Such experiments have been conducted or
proposed [9, 10, 11].

Therefore, an important question is to what extent the deuteron can be used as a
neutron target in order to measure the electromagnetic form-factor of the neutron. Crucial
fo the extraction of precise information on the neutron using the electron scattering from
’H not only requires a detailed understanding of the deuteron structure, but also needs a
quantitative understanding of the reaction mechanism, such as the effects of relativistic
corrections (RC), final-state interactions (FSI), meson-exchange currents (MEC) and the
isobar excitations (IC), in the kinematic regimes investigated.

Of interest in this respect is the study of interaction effects like the presence of mesonic
exchange currents and the influence of internal nucleon degrees of freedom in terms of
nuclear isobar configurations. Again these interaction effects can be most clearly studied in
the two-nucleon system since one does not need to deal with problems and approximations
of many-body systems, which usually make the interpretation of such effects in heavier
nuclei less conclusive. For the same reason, the deuteron is often used as a benchmark to



test nuclear theory.

The importance of the meson-exchange currents and isobar contributions can be
demonstrated, again, by the static deuteron magnetic moment. The difference between the
deuteron magnetic moment and the sum of the proton and neutron magnetic moments
cannot be fully attributed to the deuteron D-state probability and relativistic correc-
tions. It is found [13] that the contributions of meson-exchange currents and the isobar
components, although small, have to be taken into account.

Careful studies of these effects in the deuteron require selection of the reactions and
kinematics. For example, in the e-d elastic scattering, the isospin selection rules forbid
a single A-excitation. In this case, only contributions from higher-order components are
possible. This makes the study difficult.

However, the deuteron electro-disintegration in the A-resonance region offers an ex-
cellent probe with which to investigate the dynamics of the A-isobar and pionic exchange
in a nuclear system. Although the effects of these mechanisms are small in quasi-elastic
kinematics, they are expected to be important at higher excitation energies [14]. Fur-
thermore, in deuteron electro-disintegration, one can judicially choose the kinematics to
precisely separate the structure functions. For example, one can separate the cross section
into the longitudinal (L), transverse (T), LT and TT interference structure functions. The
transverse structure function (and transverse-transverse interference structure function) is
generally more sensitive to the meson-exchange and isobar effects, while the longitudinal
structure function is (to first order) a measure of the one-body charge distribution. The
measurements of those structure functions sensitive to the meson-exchange currents and
isobar contributions are a strong test of the theoretical treatment of pionic and A degrees
of freedom. Such a study is of interest for a proper description of medium effects on the
A propagation and meson exchange in the deuteron.

Therefore, most of the experimental and theoretical studies of the deuteron electro-
disintegration have concentrated on either of these two somewhat opposing aspects de-
pending on the choice of energy and momentum transfer. On the one hand, one intends to
choose the kinematic regions where the effects of reaction mechanism are expected to be
small and can be neglected. In this approximation one can obtain a simple determination
of the nucleon momentum distribution inside the deuteron [15, 16] or the information
on the deuteron ground state wave function {17]. In addition, as mentioned above, one
can use the deuteron as a neutron/proton target in order to determine the electric and
magnetic form factors of the neutron/proton. On the other hand, one can choose kine-
matics regions where the various interaction effects are enhanced. These effects include
the relativistic corrections, the final-state interactions, meson-exchange currents and the
isobar contributions. Careful studies of these effects are fundamental to nuclear physics.



2 Status and aim

Presently, many state-of-art calculations for the deuteron electro-disintegration are
available in both non-relativistic and fully relativistic approaches (see for example
[1, 2, 18, 19, 20, 21, 22]). On the experimental side, many measurements have been
performed especially in the past decade. However, data are still limited. Most of the
measurements have been done with the unpolarized ?H(e, e'p)n reaction. Furthermore,
they were limited to the study of cross section and/or those few unpolarized structure
functions. Only recently, due to the development of the recoil polarimetry (and also polar-
ized °H targets), polarization measurements utilizing the 2H(&, ¢'5 )n and 2H(€, e'r )p [also
2ﬁ(€, e') and zﬁ(té', e'p)n | reactions are possible. However, before TJN AF, measurements
have been limited to quasi-elastic conditions and to low recoil momenta. With the ca-
pabilities of TINAF one can test state-of-art calculations in more detail by pushing the
limits with high energy transfer, studying regimes of high recoil momenta and trying to
separate more structure functions especially those which are more sensitive to the interac-
tion effects. Of particular interest, one investigates the expected failure of non-relativistic
models

Existing data and proposed measurements on the *H(e, e'p)n and 2H(E, ¢'F )n have
been extensively surveyed and discussed in Ref. [23]. We only briefly bring up the relevant
issues here while leaving the detailed discussion to Ref. [23] and references therein.

e Recent measurements [24, 25] of the longitudinal structure function, fi,, yielded
results about 20% lower than theory. This discrepancy adds to the controversy of
failure of the Coulomb Sum Rule to describe the integrated longitudinal response

for nuclei (see for example [26]). More precise measurements are planned at Hall A
[27].

» Measurements of the left-right asymmetry, A;r, demonstrate the necessity of in-
cluding relativistic corrections [24, 25, 28, 29, 30, 31, 32]. However, the separated
longitudinal-transverse structure, fir (which is different from Apr), was better de-
scribed by the completely non-relativistic model without relativistic corrections
[24, 25]. Furthermore, Ayt data at Q2%=1.6 (GeV/c)? and with the recoil momenta
up to 150 MeV/c [30] agreed with a PWIA calculation based on the prescription
d¢c1 Of de Forest {33] for the half-off-shell electron-proton cross section and the Paris
spectral function [34].

e Measurements of the transverse-transverse structure function, frr, have been re-
cently performed in A kinematics at NIKHEF, and the data show the domination
of the isobar contributions {35]. While frr data is well reproduced by calculations in
the impulse approximation, the cross sections are better reproduced by calculations
in a couple-channel framework [22]. This indicate the theoretical understanding is
not complete. More precise measurements of frr together with fur and ff are pro-
posed at MIT-Bates using the out-of-plane spectrometers (OOPS) [36].

* Recent measurements of G§ [9, 10] have been performed using a deuterium target
and the ?H(€, e'71 )p reaction. The results from Ref. [10] cause some controversy.



e Measurements of G¥ using a recoil proton polarimeter have been performed at MIT-
Bates with a comparison of 2H(€, ¢'p’)n (quasi-elastic and p,, = 0) and 'H(E, €'F) re-
actions. The results [37] show that in these kinematics the nuclear effects relating to
the GE measurements are very small, and that deuterium can serve as a proton and
hence also as a neutron target for this purpose. However, it has been indicated that
even in quasi-elastic kinematics the calculations describe the measurements better
at pm = 0 than at p, = 100 MeV/c {38]. This result suggests for more measure-
ments at higher py, and at both non-parallel and parallel kinematics. However, these
kinematics are not presently accessible at Bates because of low counting rates and
low figure of merits [39}.

e Further measurements of both Gg [40] and G} [11, 12] have been planned at Hall
A and Hall C at high momentum transfer. But all measurements will be limited to
quasi-elastic kinematics. Furthermore, no precise separation of structure functions
will be made. Therefore, the detailed interaction effects have never been studied.
Thus, there is a need in making efforts towards understanding of polarization ob-
servables in the ?H(€, ¢'p)n and 2H(E, '7i )p reactions.

It is the aim of this proposed experiment to investigate the disintegration processes
2H(€,e'p)n in the A region where the knock-out proton is detected and polarization
analyzed in coincidence with the scattered electron. We plan to make precise measure-
ments utilizing the high-resolution spectrometers and the focal-plane polarimeter at Hall
A. We emphasize the measurements of the differential cross-section, helicity-independent
polarization p?, and helicity-dependent polarization components p, and p| at high ini-
tial momenta (P, ~ 290 — 450 MeV/c) and high energy transfer over a large range
of proton/virtual-photon angles. In this way, six individual structure functions: £/, /4,
i, fur, £5F and fr'r’ will be separated. In addition, we will determine the combinations

fﬂ+p—f¥+@£f}‘-T and fL+£«T-fT+im—frIT. In the A kinematics, the polarization observ-
L
ables are predicted to have great sensitivities to the nuclear interaction effects such as

the relativistic corrections, final-state interactions, meson-exchange currents and isobar
contributions [19].



3 Formalism and expectation

/ ;

REACTION PLANE

Figure 1: Geometry of exclusive electron scattering with polarized electrons and polarized
recoil protons. The components of the polarization of the recoil protons are denoted by
(t,n,1}. ['is parallel to P and 7 is parallel to ¢ x p, perpendicular to the reaction plane.

A schematic representation of the 2H(E,e'p)n reaction is presented in Fig. 1. Here,
a non-vanishing #5% corresponds to a measurement in “non-parallel kinematics”. When
¢5q is neither 0° nor 180°, the kinematics is called “out of plane”. Note that, “cm” refers
to the reference frame associated with the final n — p center of mass system. The cross
section of the reaction described in Fig. 1 can be written as a sum of terms which include
18 independent structure functions f; in the following form [1, 18, 19]

do (1+ P
dglg.bc(leua.b ds'gcm = C{(PLf L+ prfr + purfur cos 6y + prrfrr cos 2057
€ pq

+h pry fiir sin ba
+(pufT + prfT + prrfi cos ¢35 + prr fir cos 205
+(pur fir Sin @52 + prrfip sin 207)
+(pLr fir sin o + orTfrr sin 205 pa)
+h o fi7 sin ¢p
+h (o fr — PLTf LT COS )
‘|’h(—:'f’frf'i“lt —PLTfTCOS )} )
= Ogen (L+hAlp + 0 +pf +p) + hpl, + h| + hp})
= ohe (14 P), (1)

where c is proportional to the Mott cross section, p;; are kinematic terms which depend



only on the electron kinematics (g and w, the momentum and energy transfer), and the’
(°) denotes (in-)dependence on the electron helicity. A{;. represents the helicity asymmetry
related the term of f{r, and p’s are recoil nucleon polarization components contributed
by corresponding structure functions.

For coplanar (in-plane) kinematics where ¢S = 0° or 180°, the polarization indepen-
dent part of the cross-section and the recoil polarization components reduces to:

0"2:,%'; = c(pLfL + prfr+ purfur cos @5g + prrfrrcos 2057) (2)

C n m

P?L = P (oL fi + prfr + pur fiiy cos ¢:q + prrfrr 052 ;[‘?) ! (3)
#5a
C

B= oy (oS i cos ). @
#oa
c

P = o (~pfi — pnfihcosgim) ()
)

In addition, one can form left-right asymmetry Ay from the cross section measure-
ments. The asymmetry Ay is related to the structure function fi:

O3 — Tlggo _ purfur (6)

AL’T = = .
Ogo + 0fsee  pLfL + prfT + PrTfTT

However, Ayr and fiy differ by a denominator so that their physics sensitivity may not
be same.

Obviously, in measuring the polarization components and Ayr, asymmetries rather
than the absolute cross sections play the important role. Hence, issues relating to sys-
tematic uncertainties tend to become less significant in determining the quality of the
measurements.

If one measures cross sections and polarization components at both ¢pa = 0° and 180°
sides, then one can extract individual structure functions. In Eq. 7, schemes are shown to
measure separated or combined structure functions.

fur = [chprgzot* - U?sm]/(chLT) ’
fu+ %fT + %fﬂ = [og. + U?soo]/(QCPL) s

fir = [Ugﬁ - Dol pq = 0°) — Osge -p2(180°)]/(2cpm) ]
i+ %Ef? + %f:}r = [o8 - PA(0°) + 0¥gge - o (180°)]/(2¢pL) ,

"'rl = [‘780 -p(0°) + J?soo -p:(180°)]/(—26pfr) )
I'IIP = [Cfgc' 'P;(Oo) *0?800 -p','(lSO")]/(—ZchT) )



T = [0 - PHO®) + ofage - Pf(180°)]/(—2cph) ,
tr = loge - ph(0°) — osoe - P(180°)]/(—2cpy) - (7)

In parallel kinematics, where 657 = 0, the interference structure functions fir and fry
go to zero. Measurements are planned at Bates to extract the structure functions f{,. and
frr simultaneously with f,r by using the out-of-plane spectrometers. One can extract the
structure functions f;, and fr by performing a Rosenbluth separation. However, we would
like to limit the scope of discussion relevant to this proposal.

It is clear from Eq. 1 and 7 that a complete separation of all 18 available structure
functions is very difficult. However, it is also clear that by selecting appropriate kinematics,
a measurement of many structure functions is, in principle, straight forward.

The advantage of measuring structure functions is illustrated by the relation of the
components of the electromagnetic nuclear current, J, and those 5 structure functions
which do not require the detection of the hadron polarization.

fu =fw JoJdo,
fT = f11 X J_T_1J+1 + Jil']—l )

frr =fin x Re{ :-1J—l} ) (8)
fir =fa « RG{JE(JH - J—l)} 1
fir =fn « Im{J({(JH _J—l)} .

Hence, by measuring the interference structure functions, the smaller component Jg is
amplified by the larger components J.. Similar relations can be written for those struc-
ture functions corresponding to the components of recoil polarization. It is evident that
measuring more structure functions enables more detailed theoretical understanding of
the current.

For those polarization structure functions, only i, f{% and fi! survive in parallel
kinematics. Furthermore, in quasi-elastic scattering and with p, = 0, the two components
of polarization p; and pj in the scattering plane are very nearly the same as for elastic e-p
or e-n scattering. These can be written in terms of the elementary nucleon form factors,
Gg and G}j. Consequently, the ratios of GY and GY are related to the ratios of p, and p
of the ejected nucleon polarization by kinematic factors only {41):

GY _ pi (B.+ E.)tan(6./2) o)
Ggi B pi sz )

An important question is to what extent that this equation is valid. Then, one has to test
our understanding of the polarization observables in the 2H(€, ¢'f'}n reaction.

In the following, we will take the consistent, state-of-art calculations by Arenhovel
et al. [19, 22] as a guideline to discuss theoretical predictions for our proposed measure-
ments. The calculations are in a non-relativistic approach, and the two-nucleon bound
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Figure 2: Schematic diagrams contributing to the 2H{e, e'p)n cross-section. (a) PWIA
e-p scattering, (b) PWIA e-n scattering, (c) final-state interactions, (d) pion exchange
one-body, pair, contact and meson currents, and (e) isobar excitations.

and scattering states are computed by solving the Schodinger equation using a potential
description for the NN interaction. Their model includes nucleon resonance configurations
and relativistic corrections. The relativistic effects are included by a non-relativistic ex-
pansion in orders of (p/M). Moreover, they took into account the contributions from =, p
and w exchange currents. Fig. 2 shows the most important lowest-order diagrams included
in the calculations. The Born approximation (BA) neglects the final-state interaction be-
tween the outgoing proton-neutron pair, and MEC and IC effects, but still retains the
electromagnetic interaction with the neutron {diagram b).

Fig. 3, 4, 5 and 6 show the results of calculations from Arenhével et al. [22] with
the Paris potential [34]. The calculations were performed at the proposed kinematics,
i.e. in A region, with Q? = 0.26 (GeV/c)? (¢ = 645 MeV/c and w = 400 MeV). The
electron beam energy is assumed to be 1.645 GeV and scattered electrons detected at
20.4°. Different curves indicate the various ingredients included in the calculations. In the
figures, the statistical uncertainties which are expected from the proposed measurements
are also displayed.

The proposed kinematics has been optimized with the physics goal in a limited beam
time. Note that, the proposed measurements are intended as a starting point for such
a study so that only one Q? point is considered in the present. Possible study on the
Q* dependence will be evaluated shortly after this initial measurement.

IFig. 3 shows the components of recoil proton polarization and the cross section. Fig.
4 displays the ratio of the two components of polarization p| and p| in the form of the
right-hand side of Eq. 9. With measured cross sections and polarization components, one
can form the asymmetry Apr and can extract the individual structure functions, as shown
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in Fig. 5 and 6.

We briefly discuss some interesting observations.

¢ As shown in Fig. 3, at §57=0°, both p| and p} exhibit contributions from the FSI,
especially p%. While the MEC and IC contribute about 1/3 of the cross section at
85e=0°, they do not affect much of the polarization components. However, when
the kinematics is moved away from parallel, the MEC and IC start to affect the
polarization components. At large 0oq angles, the contributions from the MEC and
IC dominate not only the cross section but also the polarization components.

» This can be further seen in Fig. 4. For a Fermi-gas model with a plane wave impulse
approximation, one would expect the weighted p,/p] ratio to be 1. However, the
models from Arenhovel et al. predict a large deviation from 1 and the full model
predicts zero for 857 < —40°. The effects of including FSI, MEC and IC are obvious.
It is also interesting to note that at 655=0°, where the ratio is insensitive to the
MEC and IC, the PWBA+RC model gives a close to 1 prediction for the bound
proton with a initial momentum of 260 MeV /¢, while the N+-RC model predicts an
approximately 30% lower value.

» In Ay as shown in Fig. 5, relativistic effects dominate. However, one sees the com-
peting effects from FSI. For small 657 angles, the two contributions cancel each
other almost entirely, so that the PWBA model gives roughly the same results as
the full calculation. At large 853 angles, the effects of FSI becomes large. However,
relativistic effects are still discernible.

» Fig. 6 shows the rich deuteron physics with measurements of separated structure
functions. We can see some simplicities from the results of the calculations. At
g5%=0°, f% is dominated by the FSI, and /4 and f}! originate mostly from the
eleciromagnetic properties of the nucleon. At 0ra #0°, f1! is entirely due to the IC.
Furthermore, one can see the similarities (up to a minus sign) between frr and

fi4 and between fi+Z 0+ 2 g1y (which is dominated by fy in this case) and 4.

Therefore, by measuring all of them, one can have a stringent test of the components
of the theory.

It is clear that the polarizations and extracted structure functions are very sensitive
to the inclusion of final-state interactions, meson-exchange currents, isobar contributions
and relativistic effects. Moreover, different quantities display quite different sensitivities
to various ingredients included in the calculations. In some of them, the various effects
cancel each other. Therefore, it is necessary not only to separate them but also to measure
as many as possible.

The statistical uncertainties in the figures and possible systematic uncertainties, which
will be discussed in Sec. 5, show that we will be able to obtain high quality data. We believe
that such a set of high quality data, which is presently not available, will be extremely
important to constrain the deuteron models.
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4 Experimental plan

In this section, we will discuss details of the proposed measurements. We plan to use
the two HRS spectrometers, the focal-plane polarimeter and the existing cryogenic liquid
deuterium target in Hall A. The measurements will utilize the polarized electron beam.

4.1 Detector configurations

Fig. 7 shows the layout of the detector configurations for the measurements of the
2H(e, e'p')n reaction in the A-kinematics. All the directions are in the scattering (hor-
izontal) plane.

HRS®

[e]]

6 5 4 QHRSP
FPP

Figure 7: Schematic outline of the experimental configurations for the parallel (3) and
non-parallel kinematics (1, 2, 4, 5 and 6) at the same electron A-kinematics: HRS® is
used to detect scattered electrons from the cryogenic liquid deuterium target (LD,) in
coincidence with the knock-out protons detected and polarization-analyzed in HRSP and
FPP.

We have tried to optimize the kinematics with consideration in achieving the physics
goal with a limited beam time. We choose the kinematics (§, w) ~ (645 MeV /¢, 400 MeV).
In this region the various effects as discussed previously are expected to be large and the
knock-out protons have kinetic energies in a range of 250-360 MeV, which results in a
high figure of merit for the focal-plane polarimeter. Fortunately, data exist from Bates
previous measurements for quasi-elastic and “dip” kinematics at the same | | [38, 39].
Therefore, our proposed measurements in the “A”-kinematics can be compared with the
existing data.

This experiment can only be performed in Hall A at TINAF because of the counting
rates and optimization of the sensitivity to the interesting observables. We plan to use a
standard beam energy of 1.645 GeV and to detect the scattering electrons at 20.4°. This
choice of parameters has the advantage of a high counting rates at a low momentum trans-
fer compared to other electron facilities. In addition, the spin precession in a 45° bending
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spectrometer favors the measurements of p| for protons with kinetic energies ranging from
250 to 360 MeV. This advantage, as will be shown later, gives an order of magnitude

increase in the figure of merit for the measurements of p] polarization compared to Bates
and Mainz.

We intend to use the cryogenic liquid deuterium target, both high-resolution spectrom-
eters and the focal-plane polarimeter for the measurements. In the detector configurations
shown in I'ig. 7, HRS® is set at the same scattering angle and the same central momentum
to detect the scattered electrons in coincidence with the knock-out protons in HRSP. The
measurements will be performed in six different hadron kinematics: 77~ +45°, +22.5°,
0°, —22.5°, —45° and —70°, which correspond to p,, ~ 403, 301, 257, 301, 403 and 537
MeV /c respectively, while keeping the same electron kinematics.

Kin | E, . W q fq qﬁ Eup O Pp Bgfl‘ Pm

MeV (o) Mev | Mevye (o) fm=2 | Mev (°) MeV/c (°) MeV/c
1 1645 | 20.4 | 400 | 645 | —42.2 | 6.6 | 304 | —14.0 | 831 | 45.0 | 403
2 |1645|20.4 | 400 | 645 | —42.2 | 6.6 | 304 | —28.3 | 884 | 22,5 | 301
3 11645 | 20.4 1 400 | 645 | —42.2 | 6.6 | 304 | —42.2 | 902 0.0 257
4 11645204400 645 | —42.2 { 6.6 | 304 | —56.2 | 884 | —22.5 | 301
5 {1645 (20.4 1400 | 645 | —42.2 | 6.6 | 304 | —70.5 | 831 | —45.0 | 403
6 | 1645 |20.4 400 | 645 | —42.2 1 6.6 | 304 | —87.3 | 737 | —-70.0 | 537

Table 1: Kinematical quantities for the proposed measurements.

Tab. 1 shows the detailed kinematic settings for the measurements. 6, show HRS®P
angles in the laboratory frame, and Ey—w and p, are the central momenta of the scattered
electrons and the knock-out protons. Negative 6, and 6, mean they are opposite to the
scattered electron side. Positive fpq means ¢;3 = 0° while negative 657 means ¢ST = 180°.
The kinematics are in the A region (E,, = 304 MeV and ¢2 = 6.6 fm~2) away from the
quasi-elastic ridge. The different 657 settings are obtained by changing the angle and
central momentum of HRSP during the measurements.

Ap/p | dp/p Ayl dy | A8 | A¢ 56 o | AQ

% | x107* | em | mm | mrad | mrad | mrad | mrad | msr
HRS® | £4.5 2.5 +5 ]| 1.5 | £60 | +28 2.0 0.6 6.7
HRSP | £4.5 2.5 5| 1.5 | £60 | £28 2.0 (.6 6.7

Table 2: Some properties of the high resolution spectrometers at Hall A.

Tab. 2 lists some of the measured properties of both electron and hadron high-
resolution spectrometers. We do not need any special hardware change and/or develop-
ment for either spectrometer in running this experiment. We anticipate a few experiments
to be finished in the first-running period of Hall A so that we will have a good understand-
ing of the spectrometers and the focal-plane polarimeter. These have been demonstrated
by the two Oxygen experiments (E89-003 and E89-033) completed recently. In the next.
section, we briefly discuss the requirements on the polarized beam and the cryogenic lig-
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uid deuterium target, and later we will show the formalism and estimates in using the
focal-plane polarimeter.

4.2 Polarized beam

We assume a CW polarized electron beam with an averaged current of at least 50 gA and
a polarization of approximately 40% for the proposed measurements.

The polarized electron CW beam will be used in several experiments in the first-
running period at Hall A. At present, the accelerator is able to deliver currents in excess
of 50 pA with a polarization of approximately 40% to Hall A when the other two halls
are running. Experience with the operation of polarized beam will increase with time.
Stabilities of the current and polarization over helicity flips can be better than 105, which
exceeds the requirements of this proposed experiment by several orders of magnitude. We
assume that operation of the beam will be stable and, therefore, in our count rate estimates
we make no provision for down time due to beam problems.

The development of high polarization source based on strained GaAs crystals will
be highly beneficial to our proposed measurements. Since the experimentally measured
helicity-dependent polarizations px y are proportional to the beam polarization p, (see
Sec. 4.4), a factor of 2 increase in the beam polarization would improve the measurements
in the figure of merit by a factor of 4.

The beam polarization will be monitored with the Hall-A Méller polarimeter (and/or
the laser-back-scattering polarimeter). One Moller measurement takes typically less than
10 min. Currently, the measurement error of the polarizationis < 4.5%. In our beam-time
request we include beam time needed for the periodical Méller measurements. Further-
more, the highest statistical precision used for our count rate estimates does not exceed
about 5% in the quantities of dpxy/px,y as will be discussed in Sec. 4.5, so that the
uncertainty in the beam polarization is not the limiting factor in this measurement.

4.3 LD; cryo-target

We plan to use the present cryogenic liquid deuterium target in Hall A. The target has
been successfully commissioned during the recently finished experiment measuring the
deuteron elastic structure functions (E91-026). The detailed description of the target can
be found in the Hall-A web pages. In the following, we briefly listed the specifications of
the target relevant to our luminosity discussion:

e Target length: 4 and 15 cm for 2 different cells
» Target density: 166 mg/cm?
» Operating condition: 22 K (LD,) / 19 K (LH2), 2 Atm
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s Beam current: > 70 pA

» Cooling power: > 500 Watts

With a 50 pA beam current and a 15 cm target length (assuming 8cm visible to
spectrometers), the luminosity is about 1.2 x 10* 2H-cm~2-s~!. This value will be sufficient
for our measurements (see Sec. 4.5). The singles rates for various reaction channels are
expected at a reasonable level as seen from Tab. 4 in Sec. 4.5. Background events from
the target entrance and exit windows can be measured and subtracted with an equivalent
“empty” target of the same geometry filled with either liquid or gaseous hydrogen. In
addition, one can apply a vertex cut to the data since both HRS®P have a good vertex
resolution (dy ~ 1.5 mm). Furthermore, we can apply a missing mass cut around the
deuteron binding energy (the missing mass resolution has been shown to be about 1-2
MeV from E89-003). Therefore, we do not expect a significant background contribution
to the 2H(€, e’F')n counting rates.

4.4 Focal—plane polarimeter

A full description of this polarimeter can be found elsewhere. In the following, we briefly
discuss the basics relevant to the estimnate of statistical uncertainties for our proposed
experiment.

The cross-section for the secondary scattering of the outgoing polarized proton from
an analyzer can be written as:

o = ap(f2)[1 + A,{62)(px sin ¢, + py cos ¢y )], (10)

where 87 and ¢, are the polar azimuthal angles of the secondary scattering, A, is the
analyzing power, gy is the unpolarized cross section and pxy are the polarization com-
ponents. The polarimeter coordinates system is defined as X-axis along the momentum
dispersion direction, Z axis along the proton momentum direction and Y axis normal to
the bend plane based on the right-hand rule. By measuring the ¢, distribution in the
polarimeter one can disentangle the polarization components py and py.

To calculate the statistical precision, only those protons scattered in the analyzer
and in coincidence with detected electrons are considered. The Coulomb scattering in
the analyzer dominates for small polar scattering angles and it provides no polarization
information. Only the nuclear scattering at large proton angles (2> 4°), gives A, which is
substantially different from zero.

After some algebra following Eq. 10, one can obtain the statistical uncertainty (as-
suming Gaussian distributions and no instrumental asymmetries) in either polarization
component:

T 1

HANT N (1)

5PX,Y =
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(Ay) is the analyzing power averaged over an angular cone for which A, is substantially
different than zero, f is the fraction of events that scatter into this cone and V is the total

number of events detected in the spectrometer focal plane in coincidence with electrons
detected on the opposite side.

Ore intends to measure the polarization components, for example, p, p; and p? re-
sulting from the primary scattering. However, some of these polarization components will
precess when protons pass through the magnetic spectrometer. To a simple dipole ap-
proximation, the transverse polarization component does not precess. On the other hand,
the normal and longitudinal components precess about the spectrometer magnetic field
direction. Thus, in general, the polarimeter is capable of measuring the transverse compo-
nents as well as a mixture of the longitudinal and normal components. However, because
the p} polarization is helicity dependent while the normal term p? is helicity independent,
both the normal and longitudinal components can be separated by flipping the helicity of
the electron beam. Explicitly, we have for the components of polarization after precession
by an angle x through the spectrometer:

px = plcosx+h p.-pjsiny

pr = h-p.-p, (12)
pz = —phsiny+h-p.-pcosx.
The precession angle is given by
-2

2

where g is the proton gyromagnetic ratio (=5.586), v is the Lorenz factor and Qg is
the total bend angle for the spectrometer. One obtains directly p} from py and a clear
separation of pj and p2 from px through the use of the electron helicity, i.e.:

' py(h = +1) = py(h=-1)

e = 2D,
h=+1)—px(h=-1
P = Px( +2) .PX( ) (14)
peSII].X
PO _ px(h=+1)+’px(h=—1)
" 2co8 x '

Combining Eq. 11, 12 and 14 one then have statistical uncertainties for all three

polarization components:
T 1
dp, = v/
‘ 2p. - (Ay) f'N
T 1
dp, =
P 2p, - (Ay) sinxv f-N (15)

w 1
2{Ay)cosx Y [ N~

5p2 =
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Tab. 3 lists the estimated spin-precession angles, carbon block thicknesses, energy
losses, multiple scattering angles, efficiencies and averaged analyzing powers for the pro-
posed proton kinematics. The spin-precession angles are estimated with a simple dipole
approximation. By limiting the multiple scattering to be <1.5°, one can determine the
carbon block thicknesses for the measurements. By requiring the proton scattering an-
gle to be greater than 4°, one can estimate the efficiency f and the averaged analyzing
power {A,) for scattered protons. Such estimates are performed using a computer code
[44] based on reasonable extrapolated values from recent measurements. Since the protons
kinematics are specially designed with averaged kinetic energies in the region of 300 MeV
where the analyzing power is large, one sees that both f and (A,) are large for carbon
blocks with practical thicknesses.

kin P E x | 1?C thickness | Ejs | Mult. Scatt. | f {A,)
(MeV/c) | (MeV) | (deg) (cm) (MeV) (deg) (%)
1&5 831 315 108 14 ~T0 ~1.4 ~5.0 | ~0.46
2&4 884 351 111 16 ~80 ~1.4 ~6.0 | ~0.43
3 902 363 112 17 ~85 ~1.4 ~6.3 | ~0.42
6 737 255 103 9 ~9h ~14 ~3.1 | ~0.49

Table 3: Estimates of the efficiencies and averaged analyzing powers of the polarimeter
for the proposed proton kinematics.

This is further illustrated in Fig. 8, where the figure of merit (f.o.m) for the recoil
proton polarimetry in terms of f - (A,)%, {(sinx)* and {cos x}? are shown as a function
of the proton kinetic energy. In the middle and bottom panels, the solid (dashed) curves
represent the polarimetry with a 45° (90°) bending spectrometer. Note that the OHIPS
at Bates is a 90° bending spectrometer while HRSP in Hall A has a 45° bending angle.
The solid circles indicate the region where the measurements were performed at Bates,
while the open circles show the region of measurements proposed in this proposal. We
conclude that our proposed measurements have a much higher f.o.m. for measuring both
p, and p; as well as their ratios. This is important since they are helicity-dependent and
the electron beam polarization is around 40% which is low.

With Eq. 15 and experimental conditions listed in Tab. 3, we can now estimate the
statistical uncertainties for a given bearmn time. In the next, we will show a detailed beam-
time request and expected qualities of our proposed measurements.

4.5 Beam-time request

The proposed kinematics and the estimated count rates are shown in Tables 4 and 5.
The estimate of counting rates and statistical uncertainties are based on the acceptances
of HRS®P and are calculated using MCEEP [42]. The luminosity assumed is 1.2 x 103
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Figure 8: Figure of merit in terms of f - (A,)?% (sinx)? and {(cos x)? as a function of
the proton kinetic energy. In the middie and bottom panels, the solid (dashed) curves
represent the polarimetry with a 45° (90°) bending spectrometer. The solid circles indicate
the region where the measurements were performed at Bates, while the open circles show
the region of measurements proposed in this proposal.

<cosy>?

?H-cm~2-57! with a 50 #A beam current and a 15 cm cryogenic liquid deuterium target.
In addition, the measured spectrometer y-target acceptances are folded. The prescription
oi® for the off-shell e-p cross-section and a parameterization of the nucleon momentum
density distribution calculated by Van Orden are incorporated into MCEEP. Since the
kinematics are in the A-region, the IC contributions to the cross-section cannot be ne-
glected. Therefore, overall cross-section values are scaled to match the values of the full
model calculations from Arenhével et al. [22]. Thus the rates as well as the beam-time
estimates are considered to be very realistic. We intend to run in conjunction with other
experiments using the same cryogenic target. Therefore, we do not expect over-head time
such as for the target installation.

The estimated singles count rates and accidental coincident rates are also shown in
Table 4. The singles count rates (those observed in HRS3® originating from the (e, ¢')
and (e, 7~} reactions and in HRSP originating from the (e,p) and (e, n*) reactions) are
estimated with the computer codes QFS and EPC of Lightbody and O’Connell [43).
Accidental coincidence rates were calculated assuming a coincidence timing width of 2
ns and a duty factor of 100%. The listed accidental rates are over the whole missing
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Singles Raw Acc. | Trues/Ace.
Kin | HRS*P central | (e,¢’) | (e,77) | (e;p) | (e,77) | (e, e'p) (e, e'p)

kinematics (kHz) | (kHz) | (kHz) | (kHz) (Hz) w/ cuts
0,— 20.4°
¢'= 1245 MeV/c | 98 16
f,= —14.0°

1 | po= 831 MeV/c 17 11 4 > 500
f,= —28.3°

2 | p,= 884 MeV/c 43 | ~0 1 > 500
f,= —42.2°

3 | pp= 902 MeV/c 4.3 ~0 1 2 500
B, —56.2°

4 | pp= 884 MeV/c 43 | ~0 1 2 500
0,— —70.5°

5 | pp= 831 MeV/c 4.3 ~() 1 2 500
O,= —83.7°

6 | py= 737 MeV/c 43 | ~0 1 > 500

Table 4: Estimates of singles and raw accidentals rates and the trues-to-accidental ratios
for the proposed kinematics. The electron beam is assumed with an energy of 1.645 GeV
and a current of 50 pA, in use with a cryogenic liquid deuterium target of 15 cm.

B5n 1 N | Nf | Nefiorw |dpxv | 600 | 0] | dp? | beam time
(deg) { (Hz) | (Hz) | required (hrs)

+451 14.7 | 0.74 | 324000 | 0.006 | 0.015 | 0.016 { 0.019 123
+22.5 | 32.9 | 1.97 | 371000 | 0.006 | 0.015 | 0.016 { 0.017 94
0 68.5 | 4.32 | 3838000 | 0.006 | 0.015 | 0.016 § 0.017 26
~22.5| 48.6 | 2.90 [ 371000 | 0.006 | 0.015 | 0.016 | 0.017 37

—45 | 22.2 | 1.11 | 324000 | 0.006 | 0.015 | 0.016 | 0.019 83
—70 | 10.3 | 0.32 | 161000 | 0.008 | 0.020 | 0.020 ] 0.036 142
Total: 465
Starting preparation: 8
Méller polarization measurements: 15
Angle changes overhead: 20
Hydrogen calibration measurements: 20
I Grand Total: 528

Table 5: Estimates of trues count rates and statistical errors at a given beam time, and
consequently summary of the beam time request.

energy range within the momentum acceptances of the spectrometers. Since the electrons
detected in HRS® and the protons detected in HRSP can be well-selected with the particle
identifications, accidentals rates caused by (e, 7 ) and (e, 7™) reactions are not included
and they are expected to be small as seen from Tab. 4. When the reaction 2H(e, e'p)n is
selected, a cut on the missing-mass peak (at the deuteron binding energy) is applied.
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The accidentals within the cut will be about a factor of ~20 less than the listed numbers
since the accidental events will be distributed over the entire missing-mass acceptance.
In addition, the accidental events tend to have random vertex distributions for electrons
and protons. Therefore, one can apply a vertex correlation cut to further suppress the
accidentals since both HRS®? have good vertex resolutions (§y ~ 1.5 mm). Consequently,
as shown in Table 4, the accidental coincidence rates are insignificant compared to the
true coincident rates listed in Table 5, so that very high trues-to-accidentals ratios can
be obtained. Furthermore, the singles rates are extremely low so that they will not add
much to the detector dead-time.

The beam-time estimates for each kinematic point are based on the sensitivities of
measurements to the physics goals, and the final expected statistical uncertainties are
kept >0.015 for p, p, and pC. Tab. 5 lists the time requested for each kinematics and
summarizes the detailed break-down of beam time. This includes time for starting prepa-
ration, measurements of the beam polarization (Méller), 'H(e, ¢') and 'H(e, p) single-arm
relative efficiency calibrations, 'H(€, e'p’) calibration measurements and over-head in angle
changes for HRSP, but does not include down time.

The final statistical errors are shown in Tab. 5. Since the proton particle identification
is done in front of the carbon-analyzer at the HRSP focal plane, one can obtain simul-
taneous data on the differential cross-section for the 2H(E,e'F)n reaction at the same
kinematics without requiring any additional beam time. With measured cross sections
and polarizations, one can consequently extract the structure functions. The quality of
our proposed measurements of polarizations and the corresponding extracted structure
functions has been shown in Fig. 3, 4, 5 and 6. We will discuss possible systematic uncer-
tainties next.

5 Systematic Uncertainties

This proposed experiment involves measuring a variety of physics quantities, with which
the associated possible systematic uncertainties are quite different. For example, in the
measuring the polarization components and Ayr, asymmetries rather than absolute cross
sections play the important role. p| and p| depend on the incident electron helicity, so
that, most of the instrumental systematic uncertainties cancel. In extracting structure
functions, one needs to determine the absolute cross sections. Note that, some of the
discussion below have been presented in detail in the E89-003 experiment handbook [45].

The Hall spectrometer pair, along with the high quality beam at JLab, will provide
superb definition of the event-by-event kinematics. A momentum resolution of 2-4x 10—4
in both the incident and scattered electron energies and an angular resolution of 0.5 mrad
will results in a Q? resolution of 1-3x 1072 (GeV/c)? and a missing mass resolution of ~1
MeV. With additional contributions from the alignment of spectrometers (~0.5 mrad),
an absolute resolution of <3 mrad in 612° (= 6, — 6,) can be straightforward. This will
give us a resolution of <5 mrad for the g angles.
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For the cross section measurements, we take the approach that a 3% absolute determi-
nation is possible. This has been an accepted assumption for many proposed measurements
in Hall A. As shown in Fig. 3 bottom-panel, a 3% systematic uncertainty will not seriously
affect the quality of our measurements.

Assuming that only the Méller polarimeter is available for measuring the beam polar-
ization, one can have a possible uncertainties of <4.5% in the electron beam polarization.
(The beam polarization can also be determined in Hall A via a couple of other methods,
for example, 'H(&, ¢'p’) measurements and the Laser back-scattering. So, an accuracy bet-
ter than 4.5% can be expected. Nevertheless, we assume a conservative value of 4.5% in
our estimate.) In addition, there is an uncertainty of <1.5% in the p-'2C analyzing power,
Ay. Therefore, we anticipate that a systematic uncertainty of 5.0% is possible for both
ép,/p; and 6p}/p}. This uncertainty will cancel in the measurements of the ratio of v,/p}, as
shown in Fig. 4. In the first order, as shown in Eq. 14 and/or 15, p} is independent of the
spin-precession angle x while p; is proportional to 1/sin x. Hence, there is an additional
systematic uncertainty in p; associated with the determination of the angle x. However,
this is suppressed in our kinematics since sin y are close to 1.

The systematic uncertainty in p? has been studied substantially during the FPP com-
missioning experiment E89-033, where the unpolarized e-p elastic scattering was used. A
value of <0.002 in the raw asymmetry has been achieved [46]. Given an amplification fac-
tor caused by 1/ cos x (~3-4) in our kinematics, we assume that a systematic uncertainty
of 0.010 can be possible in §p? (absolute).

In order to extract the structure functions, one has to combine two measurements
on both sides of the momentum transfer direction. Then, the systematic uncertainties
comes from the determination of angles (mainly 6, and 6,), the determination of the cross
sections, and the determination of polarization components. To illustrate the size of pos-
sible systematic uncertainties in the structure functions, we take the combination of Kin
#2 and #4 as an example as shown in Tab. 6. In this estimate, we use the full calcula-
tions (N+MEC+IC+RC) by Arenhével et al. {19] as a guideline. We assume that possible
sources for systematic uncertainties are 5% <5.0 mrad, do/o <3.0%, dp,/v, <5.0%,
dp;/p; <5.0% and dp? <0.010. The total systematlc uncertainties are a summation in
quadrature. For comparison, the statistical uncertainties from the proposed measurements
are also listed in the last column. In order to avoid double counting of uncertainties, we
only calculate the direct effects from Ora- (Obviously, the uncertainties in go will cause
errors in the cross sections, which eventually cause uncertainties in structure functions.
However, these have been counted as the contributions from the cross sections in our esti-
mate.) We neglect the contributions from ¢, and ¢, angles, which are mostly suppressed
due to cosg ? factors for in-plane kinematics.

As seen from Tab. 6, most of systematic uncertainties are smaller than the expected
statistical errors. Note that the high statistical precision in fir and fi, + —fT 4 ar frr
fu

originates from the fact that no recoil polarization measurements are requlred

The above discussion on possible systematic uncertainties is based on present under-
standing of the equipments and hence takes a conservative approach. We anticipate a
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better understanding of systematic uncertainties as time progresses.

o6ea | do /o | opi/v. | Opi/p) | 0P8 | tot. syst. | stat.

5.0 mr | 3.0% | 5.0% | 5.0% | 0.010 | uncert. | uncert.
dfur/fur (%) | 0.6 8.4 - - - 8.4 0.1
S(fu+ N+ )% 12 | 22 _ - - 2.5 0.05
3 fLT/ %) | 25 | 22 | - 67 75 114
S+ )/ +.) (%) | 06 | 80 | - T 1244 | 250 a14d
| inr‘/ ‘(%) 09 | 22 | - 37 1 - 14 11
/ ( 0) 0.6 9.5 - 15.8 - 18.4 18.1
c‘)‘f!P‘/ (%) | 1.6 6.9 | 11.6 - - 15.6 23.3
SIEfIE (%) | 18 | 22 | 38 N - 5.0 75

Table 6: Estimates of possible systematic uncertainties for the structure functions ex-
tracted from the combination of Kin #2 and #4 (as an example). The estimate are based
on the full calculations by Arenhovel ef al. [19]. We assume that possible sources for
systematic uncertainties are 6657 <5.0 mrad, do/o <3.0%, ép,/p, <5.0%, 6p}/p, <5.0%
and ép® <0.010. The total systema.tlc uncertainty is a sum in quadrature. In comparison,
the statistical uncertainties from the proposed measurements are also listed in the last
column.

6 Summary

We propose to perform measurements of the polarization components in the reaction
2H(€, e'Pp)n in the A kinematics region. The experiment exploits the high energy, high
intensity and high duty-factor polarized electron beam at the JLab in combination with
the precise proton polarimeter in Hall A. The combined knowledge of electron and proton

spin enables a precise structure-function separation and consequently a stringent test to
theory.

We have an intention to submit this proposal as a Hall A collaboration proposal.
However, we did not finish it early for a collaboration review before submission. At this
time, we intend to submit it as a non-collaboration proposal. In the mean time, we are still
seeking for a review in the collaboration. The list of our contributors to this proposal has
already indicated that such an endorsement from the collaboration will be soon available.
And we are confident that this will be the case before the defense presentation.

We have preliminarily identified two MIT graduate students (among Z. Cai, M. Ru-
achev and B. Zhang) who can be Ph.D. candidates doing dissertation on this proposed

experiment. They can soon come to and reside at JLab after their exams to participate
in Hall A experiments.

Supporting graduate study has been a commitment in Hall A collaboration and within
many collaboration institutions. Presently, there are a number of graduate students from
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many Hall A collaboration institutions on-site to work on many experiments in Hall A.
We also have two graduate students (J. Gao and N. Liyanage) on site for extensive time
for Hall A commissioning experiments, especially E89-003. It has been our commitment
from MIT to keep supporting graduate students on-site.

In a summary, this proposed experiment requires no additional hardware development
and resources, only beam time. 528 hours of beam are requested.

References

[1] T.W. Donnelly and A.S. Raskin, Ann. Phys. 169, 247 (1986).
(2] J.L. Forest et al., Phys. Rev. C 54, 646 (1996).

[3] H. Arenhovel, W. Leidemann and E.L. Tomusiak, Z. Phys. A 331, 123 (1988);
334, 363(E) (1989).

[4] J.D. Bjorken, Phys. Rev. 148, 1467 (1966); J. Ellis and R.L. Jaffe, Phys. Rev. D
9, 1444 (1974); 10, 1669 (1974).

[5] Z.-L. Zhou et al., Nucl. Inst. Meth. A 378, 40 (1996).

[6] D.G. Crabb and D. Day, in Proc. of the 7** workshop on polarized target materials
and techniques, Bad Honnef, Germany, 1994 [Nucl. Inst. Meth. A 356, 9 (1995)].

[7] S. Kox et al., Nucl. Inst. Meth. A 346, 527 (1994).
[8] R.W. Lourie et al., IUCF Scientific and Technical Report, 135 (1992 - 1993).
9] T. Eden et al., Phys. Rev. C 50, R1749 (1994).

[10] F. Klein ef al., Nucl. Phys. A 623, 323c (1997).

[11] TINAF proposal E-93-038, “The Electric and Magnetic Form Factors of the Neu-
tron for the H(€, e'l)p Reaction”, R. Madey et al., TINAF PAC6 Report, 1993.

[12] TINAF proposal E-93-026, “The Charge Form Factor of the Neutron”, D. Day et
al., TINAF PACG Report, 1993.

[13] W. Jaus, Nucl. Phys. A 314, 287 (1979).

[14] W. Fabian and H. Arenhdvel, Nucl. Phys. A 314, 253 (1979); H. Arenhével, ibid.,
384, 287 (1982);

[156] M. Bernheim et al., Nucl. Phys. A 365, 349 (1981); S. Turck-Chieze et al., Phys.
Lett. B 142, 145 (1984).

[16] K.1. Blomgqvist ef al., private communication.



27

[17] Z.-L.. Zhou et al., submitted for publication (1997); M. Ferro-Luzzi et al., in Proc.
of the 15" Int. Conf. on Few-Body Prob. in Phys., Groningen, 1997 (to be pub-
lished in Nucl. Phys. A).

[18] A. Picklesimer and J.W. Van Orden, Phys. Rev. C 35, 226 (1987).

(19] H. Arenhével, W. Leidemann and E.L. Tomusiak, Phys. Rev. C 52, 1232 (1995);
46, 455 (1992).

[20] J.A. Tjon, Few-Body Systems Suppl. 5, 17 (1992); E. Hummel and J.A. Tjon,
Phys. Rev. C 42, 423 (1990); 49, 21 (1994).

[21] B. Mosconi and P. Ricci, Nucl. Phys. A 517, 483 (1990); B. Mosconi, J. Pauschen-
wein and P. Ricci, Phys. Rev. C 48, 332 (1993).

[22] G. Beck and H. Arenhivel, Few-Body Systems 13, 165 (1992); Th. Wilbois, G.
Beck and H. Arenhdével, ibid. 15, 39 (1993); F. Ritz, H. Goéller, Th. Wilbois and
H. Arenhédvel, Phys. Rev. C 55, 2214 (1997); Th. Wilbois, P. Wilhelm and H.
Arenhovel, preprint MKPH-T-97-19 (LANL: nucl-th/9708005).

[23} S. Gilad, W. Bertozzi and Z.-L. Zhou, in Proc. of the 15% Int. Conf. on Few-Body
Prob. in Phys., Groningen, 1997 (to be published in Nucl. Phys. A).

[24] J.E. Ducret et al., Phys. Rev. C 49, 1783 (1994); Nucl. Phys. A 553, 679c (1993);
J.E. Ducret, Ph.D Thesis, Universite de Paris-Sud, Centre d’Orse (1992).

[25] D. Jordan, T. Mcllvain et al., Phys. Rev. Lett. 76, 1579 (1996).

[26] K.F. von Reden et al, Phys. Rev. C 41, 1084 (1990); R. Schiavilla et al., Phys.
Rev. C 40, 1484 (1989); G. Orlandini and M. Traini, Phys. Rev. C 31, 280 (1985);
Z.E. Meziani et al., Phys. Rev. Lett. 52, 2130 (1984); P. Barreau et al., Nuovo
Cim. 76 A, 361 (1983).

[27] TINAF proposal E-94-004, “In-plane separations and high momentum structure
function in d(e, 'p) Reaction”, P. Ulmer et al., TINAF PAC8 Report, 1994.

[28] M. van der Schaar et al., Phys. Rev. Lett. 68, 776 (1992).
[29] F. Frommberger et al., Phys. Lett. B 339, 17 (1994).

[30] H.J. Bulten et al., Phys. Rev. Lett. 74, 4775 (1995).

[31] W.-J. Kasdorp, Phys. Lett. B 393, 42 (1997).

[32] J. Chen, X.Jiang, S.B. Soong, A. Young, and MIT-Bates OOPS Collab., prelimi-
nary data, 1997 (to be published).

[33] T. de Forest Jr., Nucl. Phys. A 392, 232 (1983).
[34] M. Lacombe et al., Phys. Rev. C 21, 861 (1980).



28

[35] A. Pellegrino et al, Phys. Rev. Lett. 78, 4011 (1997).

[36] A proposal update for experiment 89-14 to the Bates 1997 PAC, W. Bertozzi, A.J.
Sarty, L.B. Weinstein, and Z.-L. Zhou et al., (1997).

[37] B.D. Milbrath, J.I. Mclntyre ef al., submitted for publication (1997).
[38] D.H. Barkhuff, PhD thesis, University of Virginia, 1997 (unpublished).
[39] K. Joo, PhD thesis, MIT, 1997 (unpublished).

[40] TJNAF proposal E-89-028, “Polarization transfer measurements in the D(¢e, e'p)n
Reaction”, M. Finn and P. Ulmer et al., TINAF PAC4 Report, 1992.

[41] R.G. Arnold, C.E. Carlson and F. Gross, Phys. Rev. C 23, 363 (1981).

[42] P.E. Ulmer, computer program MCEEP, TINAF Tech. Note 91-101, (1991).
[43] J. Lightbody and J.8. O’Connell, Computers in Physics 2, 57 (1988).

[44] D.H. Barkhuff, private communication.

[45] K. Fissum et al., “A study of the quasielastic (e, €'p) reaction in 60 at high recoil
momentum, experiment handbook, V7.0, internal report #02/97 (unpublished).

[46] K. Wijesooriya, private communication.



